The Wingless (Wg)/Wnt signaling pathway regulates a myriad of developmental processes and its malfunction leads to human disorders including cancer. Recent studies suggest that casein kinase I (CKI) family members play pivotal roles in the Wg/Wnt pathway. However, genetic evidence for the involvement of CKI family members in physiological Wg/Wnt signaling events is lacking. In addition, there are conflicting reports regarding whether a given CKI family member functions as a positive or negative regulator of the pathway. Here we examine the roles of seven CKI family members in Wg signaling during Drosophila limb development. We find that increased CKIε stimulates whereas dominantnegative or a null CKIε mutation inhibits Wg signaling. In contrast, inactivation of CKIα by RNA interference (RNAi) leads to ectopic Wg signaling. Interestingly, hypomorphic CKIε mutations synergize with CKIα RNAi to induce ectopic Wg signaling, revealing a negative role for CKIε. Conversely, CKIα RNAi enhances the loss-of-Wg phenotypes caused by CKIε null mutation, suggesting a positive role for CKIα. While none of the other five CKI isoforms can substitute for CKIα in its inhibitory role in the Wg pathway, several CKI isoforms including CG12147 exhibit a positive role based on overexpression. Moreover, loss of Gilgamesh (Gish)/CKIγ attenuates Wg signaling activity. Finally, we provide evidence that several CKI isoforms including CKIα and Gish/CKIγ can phosphorylate the Wg coreceptor Arrow (Arr), which may account, at least in part, for their positive roles in the Wg pathway.
Introduction
The Wnt family of secreted growth factors controls many key developmental processes, including cell proliferation, cell fate determination, tissue patterning, and planar cell polarity in a wide variety of organisms (Logan and Nusse, 2004) . Mutations in Wnt signaling components lead to many types of cancers including colon and skin cancers (Moon et al., 2004) . The Drosophila Wingless (Wg), a founding member of the Wnt family, controls embryonic segmental polarity and patterning of adult appendages such as wing, leg, and eye. Wg exerts its biological influence through the canonical Wnt/β-catenin pathway, which is evolutionarily conserved from invertebrates to vertebrates.
Genetic and biochemical studies in several organisms have suggested a model for Wnt/Wg signal transduction (Logan and Nusse, 2004) . Binding of Wnt/Wg proteins to their cognate receptors, members of the Frizzled (Fz) family of seven transmembrane proteins, and coreceptors, LRP5/6/Arrow (Arr), activates a cytoplasmic signaling component Dishevelled (Dsh) , which counteracts the activity of a destruction Developmental Biology 299 (2006) 221 -237 www.elsevier.com/locate/ydbio complex composed of Axin, APC, and the Ser/Thr kinase GSK3β/Shaggy (Sgg)/Zest White 3 (Zw3), leading to the accumulation and nuclear translocation of the transcriptional effector β-catenin/Armadello (Arm). β-Catenin/Arm forms a complex with the DNA-binding protein Lef1/TCF to activate Wnt/Wg target genes.
A cohort of studies have provided evidence that CKI family members participate in many aspects of the Wnt/Wg signaling pathway (Price, 2006) . CKIε was first identified as a positive regulator of the canonical Wnt pathway (Peters et al., 1999; Sakanaka et al., 1999) . Overexpression of CKIε in Xenopus embryos induced ectopic dorsal axis formation, activated Wntresponsive genes, and rescued the axial formation of UV-treated embryos. Dominant-negative forms of CKIε and a pharmacological inhibitor of CKI blocked the responses to ectopic Wnt signaling in Xenopus. Biochemical and epistasis study suggested that CKIε binds Dsh and acts between Dsh and GSK3β (Peters et al., 1999; Sakanaka et al., 1999) . In vivo and in vitro kinase assays showed that CKIε can phosphorylate Dsh and a pharmacological CKI inhibitor can block Wnt induced Dsh phosphorylation, suggesting that Dsh is a target of CKIε (Peters et al., 1999) . However, the role of CKIε appears to be more complex than it was originally anticipated. For example, it has also been shown that CKIε interacts with Axin, and Axin-bound CKIε phosphorylates APC and modulates its ability to regulate β-catenin (McKay et al., 2001; Peters et al., 1999; Rubinfeld et al., 2001; Sakanaka et al., 1999) . What makes the picture even more complicated is the finding that, in a reconstituted system of Xenopus extracts, CKIε can phosphorylate Tcf3 and enhance Tcf3-β-catenin association and β-catenin stability, implying that CKIε may also exert a positive influence downstream of GSK3β (Lee et al., 2001) .
The potential role of other CKI isoforms in Wnt signaling has also been examined in several systems. In an overexpression study using Xenopus embryonic explants, all other CKI isoforms, including α, β, γ, and δ, can activate Wnt signaling (McKay et al., 2001 ). All of these CKI isoforms with the exception of CKIγ can stimulate Dsh phosphorylation in cultured cells (McKay et al., 2001) . However, subsequent studies provided evidence that CKIα plays a negative role in Wnt/Wg signaling that acts as a priming kinase for GSK3β-mediated phosphorylation of β-catenin/Arm (Amit et al., 2002; Liu et al., 2002; Yanagawa et al., 2002) . Purification of the Axinbound kinases that can prime GSK3β-mediated phosphorylation of β-catenin identified CKIα (Liu et al., 2002) . RNAi knockdown of CKIα inhibited phosphorylation at Ser45 of β-catenin and subsequent phosphorylation by GSK3β, resulting in β-catenin stabilization (Liu et al., 2002) . Consistent with the vertebrate results, CKIα RNAi of Drosophila embryos resulted in "naked cuticle", a phenotype consistent with gain-of-Wg signaling (Liu et al., 2002) . The possible role of CKIε as a priming kinase for β-catenin remained unclear. Overexpression of a dominant-negative CKIε inhibited Axin-induced phosphorylation at Ser45 of β-catenin in 293 cells (Amit et al., 2002) . In addition, RNAi knockdown of CKIε stabilized Arm in Drosophila S2+ cells, although the effect was less dramatic than CKIα RNAi knockdown (Yanagawa et al., 2002) . On the other hand, RNAi knockdown of CKIε in 293T cells had no detectable effect on Ser45 phosphorylation and stability of β-catenin (Liu et al., 2002) . It remains possible that CKIε plays a minor partially redundant role in β-catenin/Arm phosphorylation and the effect of its inactivation on β-catenin/Arm phosphorylation and degradation could have been masked by CKIα.
Although CKIα RNAi in Drosophila embryos resulted in phenotypes consistent with "gain-of-Wg" function, the recent finding that CKIα is also a negative regulator of the Hh pathway complicated the interpretation (Jia et al., 2005; Lum et al., 2003) . Because Wg and Hh cross-regulate each other during embryonic development, the "gain-of-Wg" phenotype resulted from CKIα RNAi could be attributed to ectopic Hh signaling. To further investigate the physiological roles of the CKI family members in Wg signaling In vivo, we applied overexpression, dominant-negative, genetic mutations, and RNAi approaches to study the function of CKIε, CKIα and Gish/CKIγ in Drosophila wing development where Wg signaling is independent of Hh. We also assessed the potential roles of other CKI family members ( Fig. 1 ; Morrison et al., 2000) in Wg signaling using overexpression assays.
Materials and methods

Mutations and transgenes dco
3 , dco 2 , dco P103 , and dco le88 are hypomorphic, strong, and null allele of dco/dbt (Zilian et al., 1999) . gish e01759 is a strong allele of gish (Jia et al., 2005) . dsh V26 is a null allele (Jiang and Struhl, 1996) . hsp-flp1, hsp-CD2, hspMyc-GFP, MS1096, act>CD2>Gal4, ap-Gal4, omb-Gal4 have been described Struhl, 1995, 1998; Pignoni et al., 1997; Wang et al., 1999) . The CKIα RNAi constructs CRL and CRS have been described (Jia et al., 2004 (Jia et al., , 2005 . DN-DBT (K38 to R) and DN-XCKIε (K38 to R) have been described (Jia et al., 2005; Peters et al., 1999) . N-terminal flag-tagged CKI isoforms have been described (Jia et al., 2005) . UAS-XCKIε-KD contained the coding sequence for the kinase domain of XCKIε (Peters et al., 1999) inserted into the pUAST vector. UAS-Sgg, UAS-DN-GSK3, UAS-DN-dFtz2, UAS-P35 have been described (Hay et al., 1994; Hazelett et al., 1998; Jia et al., 2002; Zhang and Carthew, 1998) .
Genotypes for generating clones are as follow. Cell culture, transfection, immunoprecipitation, and Western blot analysis S2 cells were cultured in the Schneider's Drosophila medium (Invitrogen) with 10% fetal bovine serum, 100 U/ml of penicillin and 100 μg/ml of streptomycin. Transfection was carried out using Calcium Phosphate Transfection Kit (Specialty Media) according to manufacturer's instructions. An ubGal4 construct was cotransfected with pUAST expression vectors for all the transfection experiments. 4 μg DNA for ub-Gal4 and 2 μg DNA for each pUAST expression vector were used in a typical transfection experiment. Immunoprecipitation and Western blot analyses were performed using standard protocols. Antibodies used are mouse αHA, F7 (Santa Cruz), mouse αFlag, M2 (Sigma).
Immunostaining of imaginal discs and cultured cells
Standard protocols for immunofluorescence staining of imaginal discs and S2 cells were used. Antibodies used in this study: mouse anti-Wg and anti-Arm (DSHB, University of Iowa); rabbit anti-Sc and rabbit anti-Vg (a gift from by Dr. S. Carroll); rat anti-Sen (a gift from Dr. Hellen); Rabbit anti-βGal (Cappel); mouse anti-Myc, 9E10 (Santa Cruz); mouse anti-Flag (Sigma); and mouse anti-CD2 (Jiang and Struhl, 1995) .
Results
Misexpressing CKIε induces ectopic Wg signaling
To explore the function of CKIε in Drosophila limb development, we generated UAS transgenes expressing either the full-length form (FL) or the kinase domain (KD) of Xenopus CKIε (XCKIε) (Peters et al., 1999) . In late third instar wild-type wing imaginal discs, Wg is produced at the dorsal/ventral (D/V) compartment boundary of wing imaginal discs and high levels of Wg signaling activity induce the expression of several target genes including scute (sc), senseless (sen), and vestigial (vg) in cells flanking the D/V boundary (Figs. 2A, 3A-C; Campuzano and Modolell, 1992; Nolo et al., 2001; Zecca et al., 1996) . Overexpressing XCKIε-FL with a wing specific Gal4 driver, MS1096, caused ectopic sc expression in wing pouch region distant from the D/V boundary, suggesting that CKIε stimulates Wg signaling activity (Fig. 2B) . Overexpressing XCKIε-KD resulted in more robust ectopic sc expression (Fig. 2C) , consistent with a previous observation that XCKIε-KD is more potent in inducing Wnt responses than XCKIε-FL (Peters et al., 1999) .
Overexpressing XCKIε did not affect wg expression at D/V boundary (Figs. 2B, C) , suggesting that XCKIε acts in Wgresponding cells downstream of Wg synthesis and transport. As a further support, we found that flip-out clones expressing XCKIε-KD accumulated high levels of Armadillo (Arm) and ectopically activated sc in a cell autonomous fashion (Figs. 2D-D″, E-E″). Consistent with the notion that increased XCKIε induces Wg signaling activity, XCKIε-KD-expressing cells on the wing blade formed ectopic sensory bristles normally induced by high levels of Wg signaling activity along the wing margin (Figs. 2F-F′) .
In leg discs, Hh induces neighboring anterior-ventral cells to express wg and low levels of dpp and anterior-dorsal cells to express high levels of dpp (Figs. 2G-G′). The asymmetric expression of wg and dpp is maintained by mutual antagonism between Wg and Dpp signaling pathways (Jiang and Struhl, 1996) . For example, ectopic Wg signaling suppresses dpp expression and promotes wg expression in dorsal cells, which creates ectopic juxtaposition of high levels of Wg and Dpp, leading to the formation of a supernumerary leg (Jiang and Struhl, 1996) . We found that misexpression of XCKIε-KD in leg discs repressed dpp expression and promoted ectopic wg expression in dorsal cells , leading to the formation of a supernumerary leg branching out from the dorsal side of the primary leg (Fig.  2I ). Taken together, these observations suggest that CKIε positively regulates Wg signaling in Drosophila limb development.
Dominant-negative CKIε and dbt null mutation inhibit Wg signaling
To determine whether CKIε is required for Wg signaling in Drosophila limb development, we generated UAS transgenes expressing dominant-negative (DN) forms of XCKIε and DBT (see Materials and methods). Consistent with the Xenopus studies, misexpression of DN-XCKIε or DN-DBT in wing discs using MS1096 resulted in a blockage of Wg signaling as revealed by the loss of expression of Wgresponsive genes including sc and vg (Figs. 3D-F) , suggesting that CKIε is required for transducing Wg signal.
It is possible that DN-CKIε not only blocks CKIε but also interferes with other CKI isoforms. To further clarify the role of CKIε in Wg signaling, we turned to genetic mutations in Drosophila CKIε, named as double time (dbt) or disc overgrown (dco) for its role in regulating circadian rhythms and imaginal disc growth, respectively (Price et al., 1998; Zilian et al., 1999) . We analyzed several dbt/dco alleles including hypomorphic and strong alleles: dco 3 , dco 2 , and dco P103 , and a null allele, dco le88 (Zilian et al., 1999 (Jia et al., 2005; Zilian et al., 1999) . To increase the frequency of dco le88 mutant clones, we used MS1096 to express UAS-FLP as a stable source of flipase in a Minute background (Jia et al., 2005) , which gave dco − cells a growth advantage over neighboring dco + Minute cells (Morata and Ripoll, 1975) . In addition, the baculovirus cell death inhibitor P35 was coexpressed to prevent the death of dco le88 mutant cells (Hay et al., 1994) . Under such conditions, wing discs contain dco le88 mutant clones that occupy most of the wing pouch region (Figs. 3G-I). Most wing discs (30/38) exhibited diminished Wg signaling as indicated by reduced expression of sen and vg (Figs. 3G-H, 8C). The remaining discs (8/38) exhibited a more complete loss of Wg target gene expression (Fig. 3I) . dco le88 mutant discs generated under these conditions expressed Hh target genes along the A/P boundary (Jia et al., 2005) , suggesting that loss of Wg target gene expression is due to the positive role of CKIε in Wg signaling rather than the "sickness" of dco le88 mutant discs. The residual Wg signaling activity in some dco le88 mutant discs could be due to the perdurance of CKIε activity coupled with compensation by other CKI isoforms (see below).
CKIε regulates the Wg pathway at multiple levels
To determine where CKIε acts in the pathway to promote Wg signaling activity, we carried out genetic epistasis experiments, taking advantage of the observation that XCKIε confers constitutive Wg signaling activity. Overexpression of a dominant-negative form of Frizzled 2 (DN-dFz2; Zhang and Carthew, 1998) blocked Wg signaling and resulted in loss of sc expression (Fig. 4F) . However, coexpression of XCKIε-KD with DN-dFz2 reversed the phenotype and led to ectopic sc expression ( Fig. 4G) , which is similar to misexpression of XCKIε-KD alone (Fig. 4E ), suggesting that CKIε acts downstream of dFz2.
Mutant clones homozygous for a dsh null allele, dsh V26 , blocked Wg signaling as evidenced by the loss of vg expression (Figs. 4B-B″). Overexpression of XCKIε-KD in dsh V26 clones failed to restore vg expression (Figs. 4D-D″), suggesting that CKIε acts upstream of or parallel to Dsh. Naked (Nkd) is a Wg-induced pathway inhibitor that binds and inhibits Dsh (Rousset et al., 2001; Zeng et al., 2000) . Coexpression of Nkd suppressed ectopic sc expression induced by XCKIε-KD (Fig. 4H ), consistent with CKIε targeting Dsh. Similarly, expressing XCKIε-KD in the Drosophila eye blocked the formation of interommatidial bristles (Fig. 4N ), a phenotype consistent with ectopic Wg signaling (Cadigan and Nusse, 1996) . Coexpression of Nkd completely suppressed the XCKIε-KD-induced eye phenotype ( Fig. 4O ), strengthening the view that CKIε acts upstream of or parallel to Dsh in activating Wg pathway.
We next addressed the epistatic relationship between Sgg/ GSK3β and CKIε. First, we coexpressed Sgg/GSK3β with XCKIε-KD in wing discs using MS1096 and monitored Wg signaling activity by immunostaining with Sc antibody. We found that an excess amount of Sgg/GSK3β inhibits ectopic Wg signaling induced by XCKIε-KD (Fig. 4I ), suggesting Sgg/GSK3β acts downstream of CKIε. Second, we coexpressed a dominant-negative DN-GSK3β; (Jia et al., 2002) with the dominant-negative form of DN-XCKIε. Overexpression of DN-XCKIε alone completely blocked sc expression along the D/V boundary (Fig. 4J ). In contrast, coexpression of DN-GSK3β with DN-XCKIε caused ectopic sc expression (Fig. 4L ), a phenotype similar to that caused XCKIε expressing cells, marked by the lack of CD2 expression, activate Sc expression cell autonomously (arrows). (E-E″) Late instar wing disc carrying a clone expressing XCKIε-KD with act-Gal4 was immunostained to show the expression of Sc (green) and Arm (red). XCKIε-KD expressing cells stabilize Arm and activate Sc. (F, F′) Low (F) and high (F′) magnification view of an adult wing carrying a clone expressing XCKIε-KD. XCKIε-KD induces ectopic wing margin bristles forming on the wing blade. (G, G′, H, H′) Late third instar wild-type leg disc (G, G′) and leg disc expressing XCKIε-KD with omb-Gal4 were immunostained to show wg (red) and dpp-lacZ (green) expression. Overexpressing XCKIε-KD suppresses dpp-lacZ and induces ectopic wg expression in the dorsal region of the leg disc (arrows in H, H′). (I) Adult leg expressing XCKIε-KD with omb-Gal4. A secondary leg (arrow) branches out from the dorsal side of the primary leg. Note the craw points to the ventral side.
by overexpressing DN-GSK3β alone (Fig. 4K) , further arguing that CKIε acts upstream of Sgg/GSK3β. However, We found that the levels of ectopic sc expression in wing discs coexpressing DN-GSK3β and DN-XCKIε were consistently lower than those in wing discs expressing DN-GSK3β alone (compare Figs. 4K with L), suggesting that 
RNAi knockdown of CKIα induces ectopic Wg signaling
CKIα has been implicated as a negative regulator of the Wnt/ Wg pathway that serves as a priming kinase for GSK3β-mediated phosphorylation of β-catenin/Arm (Amit et al., 2002; Liu et al., 2002; Yanagawa et al., 2002) . The role of CKIα in the Wnt/Wg pathway has been deduced from experiments with cultured cells. To assess the in vivo function of CKIα, we used heritable RNAi technique to inactivate CKIα (Kalidas and Smith, 2002; Kennerdell and Carthew, 2000) . We employed three CKIα RNAi constructs, CRL, CRS, and CRS2, which produce hairpin-loop double stranded RNA (dsRNA) targeting CKIα coding sequence for aa 11-337, aa 153-337, aa 192-337, respectively (Fig. 1C; Jia et al., 2005) . CRL knocked down CKIα more effectively than CRS; however, it also knocked down DBT/CKIε to certain extent, likely due to the presence of a 30-nucleotide contiguous sequence shared between CKIα and CKIε ( Fig. 1C ; Jia et al., 2005) . In contrast, CRS specifically knocked down CKIα but not DBT/CKIε (Jia et al., 2005) .
We found that CRS affected Wg signaling in a dosedependent manner. Expressing one copy of CRS with MS1096 failed to cause detectable change in the expression pattern of sc and sen (Figs. 5A-B) . In contrast, expressing two copies of CRS induced patchy ectopic expression of both sc and sen in the wing pouch region (Figs. 5C-D) . However, the ectopic sc and sen was restricted to the dorsal compartment cells due to the fact that MS1096 expresses Gal4 at higher levels in dorsal than in ventral compartment cells. The dosage effect of CRS on Wg signaling is also reflected in adult phenotypes. One copy of CRS only induced no or few ectopic margin bristles on the wing blade whereas two copies induced the formation of numerous margin bristles on the wing blade (Figs. 5M-O) . Similar results were obtained with CRS2 (data not shown).
We also observed a synergistic effect between CKIα knockdown and DBT/CKIε overexpression. For example, expressing either DBT/CKIε or CRS alone did not induce ectopic expression of sc (Figs. 5A, E); however, coexpressing DBT/CKIε with CRS resulted in dramatic expansion of the sc expression domain (Fig. 5F ). Hence, reducing CKIα provides a sensitized genetic background that reveals the positive role of DBT/CKIε in the Wg pathway.
Expressing one copy of CRL caused a marked expansion of sc in both dorsal and ventral compartments of the wing pouch region (Figs. 5G, H) . The effect of CRL on Wg target gene expression was completely suppressed by coexpressing CKIα (Fig. 5J) , suggesting that the ectopic Wg signaling caused by CRL is mainly due to the loss of CKIα. The effect of CRL on Wg signaling is cell autonomous as flip out clones expressing CRL under the control of act-gal4 ectopically activate sc in a cell autonomous fashion (Figs. 5K, L) . Intriguingly, wing discs expressing higher levels of CRL (using strong UAS transgenic lines or two copies of UAS transgenes) resulted in more robust ectopic sc expression on the ventral side but lower levels of ectopic sc on the dorsal side of the wing pouch region (Fig. 5H) . As CRL also knocks down DBT/CKIε, the reduction of ectopic sc is likely due to diminishing levels of DBT/CKIε when CRL levels increase. Indeed, coexpressing DBT/CKIε with CRL restored high levels of ectopic sc on the dorsal side (Fig. 5I) .
A negative role for CKIε in the Wg signaling pathway Several studies have suggested that CKIε may also act in a partially redundant fashion with CKIα in priming β-catenin/ Arm for GSK3β phosphorylation and subsequent degradation and thus might have a negative role in the Wnt/Wg pathway (Amit et al., 2002; Yanagawa et al., 2002) . However, it has proved difficult to demonstrate a negative role for CKIε because of its predominantly positive role in the Wg pathway. In addition, endogenous CKIα might suffice to prime β-catenin/Arm for GSK3β-mediated phosphorylation. To explore the possibility that DBT/CKIε may have a negative role in the Wg pathway, we took advantage of two observations. (1) DBT/CKIε hypomorphic mutations do not affect the positive role of DBT/CKIε in the Wg pathway (Fig.  6F) . (2) Reduction of CKIα by expressing one copy of CRS does not cause ectopic Wg signaling but provides a sensitized genetic background to reveal the consequence of other Wg pathway manipulations (Fig. 5F ). Therefore, we examined sen expression in wing discs derived from several dbt transheterozygous combinations, dco 3 /dco 2 , dco 3 /dco P , and dco 3 /dco le88 , that do or do not express one copy of CRS. We observed normal sen expression in dco 3 /dco 2 , dco 3 /dco P , or dco 3 /dco le88 transheterozygous wing discs ( Fig. 6F ; data not shown), suggesting that these allelic combinations do not perturb Wg signaling. dbt heterozygous wing discs expressing one copy of CRS also exhibited normal sen expression (Fig.  6E) . In contrast, dbt transheterozygous wing discs expressing one copy of CRS exhibited ectopic sen expression although wild-type wing discs expressing one copy of CRS showed normal sen expression (Figs. 6A-D ). Hence, a critical level of DBT/CKIε is required for blocking aberrant Wg signaling when CKIα activity is compromised.
Functional analysis of other CKI family members
There are multiple CKI isoforms in the Drosophila genome and seven of them, including CKIα and CKIε share over 50% amino acid identity in their kinase domains ( Fig. 1A ; Morrison et al., 2000) . To address potential roles of the other five highly conserved CKI isoforms in the Wg pathway, we asked whether they could substitute for CKIα in inhibiting Wg signaling, or could induce ectopic Wg signaling when overexpressed. In the first set of experiments, we coexpressed various CKI isoforms with CRL in wing discs and examined sen expression as readout for Wg signaling activity. All CKI isoforms were Flag-tagged at their N-termini and their expression was firmed by immunostaining with Flag antibody (Supplementary Fig. S1I-N) . In addition, we did not observe any significant change in their levels when coexpressed with CRL (data not shown). Unlike CKIα, which completely rescued ectopic sen expression caused by CRL ( Supplementary Fig. S1C ), all the other CKI isoforms we tested, including CG7094, CG2577, CG12147, Gish/CKIγ, and CG9962, failed to suppress the ectopic sen induced by CRL ( Supplementary Fig. S1D-H) , suggesting that these CKI isoforms cannot functionally replace CKIα for its role in blocking Wg signaling.
Next, we overexpressed each CKI isoform in otherwise wild-type wing discs or in wing discs with reduced levels of CKIα due to expressing one copy of CRS. None of the CKI isoforms including DBT could induce ectopic sen expression when expressed alone (Figs. 7C, G, K; data not shown). However, coexpressing DBT with CRS resulted in enormous expansion of sen expression domain, which nearly fills the entire wing pouch region (Fig. 7B ). Coexpressing CG12147 with CRS also induced robust ectopic sen expression on the dorsal side of the wing pouch region, suggesting that CG12147 can stimulate Wg signaling activity albeit less potently than DBT (Fig. 7F ). CG7094 only induced mild ectopic sen expression whereas CG2577 and Gish failed to induce ectopic sen when coexpressed with CRS (Figs. 7D, D′, E, H). Coexpressing CG9962 with CRS affected Wg signaling in a more complex way. In about half of the discs (14/19), low levels of ectopic sen expression were observed on the dorsal side of the wing pouch region (Fig. 7J ). In the other half (15/19), the endogenous sen expression along the D/V boundary (15/29) was diminished, especially on the dorsal side of the wing pouch region (Fig. 7I) . Expressing CG9962 alone also resulted in inhibition of endogenous sen (Fig.  7K ). These observations suggest that overexpressed CG9962 may have both positive and negative inputs to the Wg pathway and its overexpression in conjunction with CRS may result in near-uniform intermediate levels of Wg signaling activity.
A positive role for Gish/CKIγ and CKIα in the Wg pathway
We further explored the role of Gish/CKIγ in Wg signaling by generating gish mutant clones in wing discs and examining the expression of Wg-responsive genes including sen and vg. As shown in Fig. 8 , wing discs carrying gish e01759 mutant clones exhibited reduced levels of sen and vg expression (Fig.  8B) , suggesting a positive role for Gish/CKIγ in the Wg pathway. In further support of this notion, we found that loss-ofgish enhanced dbt mutant phenotypes. In the majority of wing discs carrying dbt le88 mutant clones, residual expression of sen and vg persisted (Fig. 8C) . In contrast, in all the discs (n = 25) carrying dco gish double mutant clones, sen and vg expression in the wing pouch region was completely lost (Fig. 8D) . Similarly, reduction of CKIα also enhanced the loss-of-Wg phenotypes caused by dbt le88 mutation. For example, expressing CRS2 in wing discs carrying dbt le88 clones resulted in a complete blockage of sen and vg expression (Fig. 8E) , suggesting that CKIα may also have an unappreciated positive role in the Wg pathway in addition to its well-documented negative role.
Phosphorylation of Arr by multiple CKI isoforms
Two recent studies showed that CKI phosphorylated multiple sites in the intracellular domain the Wnt coreceptor LRP6, and that phosphorylation of LRP6 recruited Axin to the cell surface, leading to the activation of the Wnt-β-catenin pathway (Davidson et al., 2005; Zeng et al., 2005) . However, which CKI isoform(s) are responsible for LRP6 phosphorylation remains controversial. One study suggested that CKIγ is the exclusive CKI isoform for LRP6 phosphorylation (Davidson et al., 2005) , whereas the other suggested that multiple CKI isoforms including CKIα and CKIδ/ε could participate (Davidson et al., 2005; Zeng et al., 2005) . We sought to examine which CKI isoforms can phosphorylate Arr, the Drosophila orthologue of LRP6 (Pinson et al., 2000; Tamai et al., 2000; Wehrli et al., 2000) . We examined two forms of Arr: a full-length Arr (Arr FL -HA) and a membrane tethered Arr intracellular domain (Myr-Arr C -HA), both of which have three copies of HA-tag at their C-termini (Culi and Mann, 2003) . Arr FL -HA or Myr-Arr C -HA was coexpressed with each of the seven Drosophila CKI isoform in S2 cells, followed by Western blot analysis. As shown in Fig.  9A , CG12147, Gish/CKIγ, and CG9962 phosphorylate both Arr FL and Arr C robustly, as indicated by the mobility shift of Arr proteins on the SDS PAGE, with Gish/CKIγ exhibiting the highest activity. CKIα and DBT/CKIε also phosphorylate Arr albeit less effectively whereas CG7094 and CG2577 failed to phosphorylate Arr under our experimental conditions. The modest shift of Arr C induced by CKIα or DBT/ CKIε is due to phosphorylation as it was eliminated by CIP treatment (Fig. 9B) . The expression of individual CKI isoforms was confirmed by Western blot with a Flag antibody (Fig. 9A, bottom panel) .
GSK3β phosphorylates multiple PPPSP motifs in the cytoplasmic domain of LRP6 and primes CKI phosphorylation at adjacent sites (Zeng et al., 2005) . To determine if GSK3β is also required to prime CKI phosphorylation of Arr, we coexpressed DN-GSK3β with CKIα, DBT/CKIε or Gish/ CKIγ. As shown in Fig. 9C , phosphorylation of Arr C by CKIα, DBT/CKIε, or Gish/CKIγ was largely inhibited by DN-GSK3β.
We also examined the subcellular localization of various Flag-tagged CKI isoforms expressed in S2 cells. As shown in Fig. 9D , Gish/CKIγ is predominantly associated with the plasma membrane. Similar subcellular distribution for the vertebrate CKIγ has also been observed (Davidson et al., 2005) . All other CKI isoforms are uniformly distributed in the cytoplasm with CKIα, DBT/CKIε, and CG2577 also exhibiting nuclear staining.
Discussion
CKI family members have been implicated as positive and negative regulators of the Wnt/Wg pathway that act at multiple levels in the pathway (Price, 2006) . However, most of the previous studies were carried out in cell culture systems and relied heavily on overexpression strategies. As such, conflicting results were obtained with regard to which CKI family members participate in a specific process in the Wnt/Wg signaling pathway. Here we employed a combination of genetic mutations, RNAi, dominant-negative kinases, and overexpression to explore the function of the CKI family in Wg signaling during Drosophila limb development. We provide the first genetic evidence that DBT/CKIε plays a pivotal positive role in the Wg pathway and provide evidence that DBT/CKIε exerts its positive influence both upstream and downstream of GSK3β. Moreover, we provide the first genetic evidence that DBT/CKIε has a negative role in addition to its predominantly positive role in the Wg pathway. Using RNAi, we provide evidence that CKIα is the major CKI isoform that negatively regulates Wg signaling in Drosophila wing development. In addition, we provide evidence that CKIα may also have an unappreciated positive role and this could be achieved, at least in part, at the level of Arr phosphorylation. Finally, we provide genetic evidence that Gish/CKIγ has a positive role in the Wg pathway. Consistent with our finding, a recent study showed that RNAi knockdown of Gish in cultured cells reduced Wg-stimulated luciferase reporter gene expression (Davidson et al., 2005) . In addition, we find Gish/CKIγ, like its vertebrate counterpart, is mainly localized on the cell surface, and can effectively phosphorylate Arr, which may account for its positive role in the Wg pathway. The roles of various CKI isoforms in the Wg pathway are outlined in Fig. 9E .
Yin and Yang of CKIε in the Wg pathway
CKIε was initially identified as a positive regulator in the Wnt pathway based on overexpression studies (Peters et al., 1999; Sakanaka et al., 1999) . Indeed, overexpression of XCKIε in Drosophila limb caused cell autonomous accumulation of Arm and activation of Wg-responsive genes, leading to pattern abnormality consistent with ectopic Wg signaling (Fig. 2) . Although DBT/CKIε shares over 85% amino acid sequence identity with XCKIε in the kinase domain, overexpression of DBT or its kinase domain did not induce ectopic Wg signaling (Fig. 5E, data not shown) . Nevertheless, overexpression of DBT induced ectopic Wg signaling in a sensitized genetic background (Figs. 5F, 7B) .
Despite the fact that CKIε has been implicated as a positive regulator of the Wnt/Wg pathway, no genetic evidence for such a role has ever been obtained until now. One reason could be that CKIε participates in multiple cellular processes and null or strong mutations cause cell lethality (Zilian et al., 1999) . On the other hand, hypomorphic mutations do not significantly perturb Wg signaling, probably because a low dose of CKIε suffices to transduce the Wg signal and/or because other CKI family members can compensate for the partial loss of CKIε. To facilitate the recovery of mutant clones homozygous for dbt null mutation, we applied a combination of several approaches. First, we generated mitotic clones in the Minute background, which gave mutant cells a growth advantage (Morata and Ripoll, 1975) . Second, we coexpressed P35, a cell death inhibitor (Hay et al., 1994) , in discs where dco mutant clones were generated to block apoptosis due to loss of CKIε. Finally, we used a wing specific, constitutive source of flipase (MS1096/ UAS-flp) to induce FRT-mediated mitotic recombination in the wing pouch region (Jia et al., 2005) . Under these conditions, all wing discs of the appropriate genotype contained dco − clones occupying most of the wing pouch region (Figs. 3G-I ). These wing discs exhibited diminished levels of Wg target gene Fig. 6 . dbt mutations synergize with CKIα RNAi to induce ectopic Wg signaling activity (A-F) Late third instar wing discs of the indicated genotypes were immunostained to show sen expression. Expressing one copy of CRS in wild-type (A) or dbt heterozygous discs (E) did not cause any discernable change in sen expression. In contrast, CRS induced ectopic sen expression in several combinations of dbt transheterozygotes: dco 3 /dco 2 (B), dco 3 /dco P (C), and dco 3 /dco le88 (D). dco expression, demonstrating that DBT/CKIε is a positive regulator of the Wg pathway. The approach described here can be applied to study other cell lethal genes. Although most of the evidence supports a positive role for CKIε in the Wnt/Wg pathway, several observations implied that CKIε also impinged on β-catenin/Arm phosphorylation and degradation (Price, 2006) . For example, it has been shown that CKIε is associated with Axin and DN-CKIε blocks Axininduced phosphorylation of β-catenin at Ser45 (Amit et al., 2002) . In addition, RNAi knockdown of DBT/CKIε resulted in stabilization of Arm in S2 cells, albeit to a lesser extent than CKIα knockdown (Yanagawa et al., 2002) , and increased the basal transcription from a Tcf-luciferase reporter gene (Cong et al., 2004) . However, one caveat of these studies is that the activities of other CKI isoforms might also be affected by DN-CKIε or DBT/CKIε RNAi. We took a genetic approach to address whether DBT/CKIε has any negative function in the Wg pathway, and found that hypomorphic dbt mutations caused ectopic Wg signaling, but only when CKIα activity was partially blocked (Fig. 6) . Hence, DBT/CKIε is normally dispensable for Arm degradation due to sufficient CKIα; however, DBT/CKIε levels become critical when CKIα activity is reduced. Our result is not inconsistent with a previous observation that CKIε RNAi did not affect β-catenin Fig. 7 . Overexpression of various CKI isoforms in wing discs with CRS sen expression in wing disc expressing CRS alone (A), CRS plus DBT (B), DBT alone (C), CRS plus CG7094 (D, D′), CRS plus CG2577 (E), CRS plus CG12147 (F), CG12147 alone (G), CRS plus Gish (H), CRS plus CG9962 (I, J), or CG9962 alone (K) with MS1096. DBT alone did not induce ectopic sen expression (C) but together with CRS induced robust ectopic sen expression (B). CG12147 also induced ectopic sen expression when coexpressed with CRS (F) whereas CG7094 induced weak ectopic sen expression (arrows in D and D′). Expressing CG9962 alone suppressed sen expression at the D/V boundary (K). When coexpressed with CRS, CG9962 suppressed sen expression in some discs (I) but induced ectopic sen expression in others (J).
phosphorylation and degradation in cultured cells (Liu et al., 2002) . In that study, RNAi did not completely block CKIε, and the presence of CKIα in the same cells could have masked any effect CKIε RNAi might have had on β-catenin phosphorylation and degradation. It would be interesting to determine if CKIε RNAi could enhance the effect of CKIα RNAi on β-catenin phosphorylation and degradation, which is predicted by our study. and dco le88 (D), or wing disc carrying dco le88 mutant clones and expressing CRS2 (E) were immunostained to show the expression of Sen (red), Vg (green), and CD2 (blue). Mutant clones are recognized by the lack of CD2 expression (blue in B-E). Of note, mutant clones were induced by FLP/FRT-mediated mitotic recombination in the Minute background. P35 was expressed in discs carrying dco le88 mutant clones (C-E).
CKIε regulates the Wg pathway at multiple steps
CKIε binds and phosphorylates Dsh (Gao et al., 2002; Kishida et al., 2001; McKay et al., 2001; Peters et al., 1999; Sakanaka et al., 1999) . However, a previous study placed CKIε downstream of Dsh based on the observation that overexpressing XCKIε could rescue Wnt signaling defects caused by a dominant-negative form of Dsh (DN-Dsh) (Peters et al., 1999) . In contrast, we find that the ability of XCKIε to induce Wg pathway activation depends on Dsh, as dsh null mutant clones overexpressing XCKIε fail to activate Wg target genes (Figs. 4D-D″) . Hence our genetic epistasis study places CKIε upstream of or parallel to Dsh. It is possible that DN-Dsh might not completely block endogenous Dsh, and overexpressed XCKIε could transduce the Wnt signal through residual Dsh activity. Consistent with the notion that CKIε acts upstream of or parallel to Dsh, we find that coexpression of Nkd, an inducible Wg pathway inhibitor that acts by binding to Dsh, suppresses the "gain-of-Wg" phenotypes caused by XCKIε (Fig. 4H) . In addition, DN-GSK3β can reverse the "loss-ofWg" phenotypes caused by DN-CKIε (Fig. 4L) . Hence a critical role that CKIε plays is to antagonize the activity of the Arm/β-catenin destruction complex, and antagonism of GSK3β alleviates such a requirement. CKIε could bind Dsh and destabilize the Arm/β-catenin destruction complex (Gao et al., 2002) . In addition, CKIε could destabilize Axin complex through phosphorylation of Arr (Fig. 9E) .
Our epistasis analysis also revealed a role for CKIε downstream of GSK3β phosphorylation. We find that the levels of ectopic sen in wing discs coexpressing DN-CKIε and DN-GSK3β are significantly lower than those in wing discs expressing DN-GSK3β alone, suggesting that DN-CKIε attenuates Wg signaling activity even when phosphorylation and degradation of Arm are blocked by DN-GSK3β. One likely target for CKIε downstream of GSK3β is Tcf as it has been shown that in Xenopus oocyte extracts, CKIε phosphorylated Tcf3 and stabilized its interaction with β-catenin (Lee et al., 2001) .
Does CKIα acts solely as a Wnt/Wg pathway inhibitor?
The role of CKIα in the Wnt/Wg pathway has largely been deduced from studies using cell culture systems. Thus, RNAi knockdown of CKIα inhibits β-catenin/Arm phosphorylation and degradation, and induces Tcf/Lef-mediated luciferase expression (Liu et et Yanagawa et al., 2002) . CKIα RNAi in Drosophila embryos resulted in a "naked cuticle" phenotype, consistent with ectopic Wg signaling (Liu et al., 2002; Yanagawa et al., 2002) . However, two recent studies revealed that loss-of-CKIα also results in ectopic Hh signaling (Jia et al., 2005; Lum et al., 2003) . This finding complicated the interpretation of the "gainof-Wg" phenotypes resulting from CKIα RNAi as Hh and Wg regulate each other's expression in Drosophila embryos. To circumvent this problem, we use Drosophila wing development as a model to address the in vivo function of CKIα since Wg and Hh do not regulate each other in this system. We found that overexpressing two shorter forms of CKIα RNAi constructs (CRS and CRS2), which are specific for CKIα, led to ectopic Wg signaling in a dose-dependent manner: one copy of CRS or CRS2 barely affected Wg target gene expression whereas two copies resulted in ectopic expression of sc and sen (Figs. 5A-D) . A longer form of CKIα RNAi construct (CRL) was more potent than CRS, as expressing one copy resulted in robust ectopic expression of sc and sen. This is likely due to the fact that CRL knocks down CKIα more effectively than CRS (Jia et al., 2005) . In addition, CRL may knock down DBT/CKIε to reduce a compensatory effect on loss of CKIα by DBT/CKIε. Intriguingly, expressing CRL at higher levels caused adverse effect on the Wg signaling activity, as manifested by the reduced levels of ectopic sc expression (Fig. 5H) . A likely explanation is that high levels of CRL diminish the level of CKIε to the extent that its positive role in the Wg pathway is compromised. In support of this notion, coexpressing DBT/CKIε with CRL restored high levels of ectopic sc expression (Fig. 5I) .
Despite the predominantly negative role of CKIα in the Wg pathway, a positive role has been underscored in our double mutant analysis. We observed that CKIα knockdown enhanced the "loss-of-Wg" phenotypes caused by dbt null mutation, as manifested by more complete loss of sen and vg expression in dbt mutant discs expressing CRS2 (Fig. 8E) . CKIα may positively regulate Wg signaling by phosphorylating Dsh, as suggested by previous studies (Matsubayashi et al., 2004; McKay et al., 2001) . Alternatively, CKIα could exert a positive influence on the Wg pathway by phosphorylating Arr (Fig. 9E ).
Other CKI isoforms in the Wg pathway
We applied overexpression assays to explore the potential role of the other five CKI isoforms that share over 50% amino acid sequence identity in their kinase domains with CKIα (Fig.  1A) . First, we asked if any of these CKI isoforms could functionally substitute for CKIα in blocking Wg pathway activation. Unlike CKIα, none of other CKI isoforms including CG7094, CG2577, CG12147, Gish/CKIγ, and CG9962 were able to rescue the "gain-of-Wg" phenotype caused by CRL (Fig.  S1 ), suggesting that these CKI isoforms are unlikely to play any major role in priming GSK3β-mediated phosphorylation and degradation of Arm/β-catenin. On the other hand, we find that CG12147 induced ectopic Wg signaling activity when CKIα was partially blocked, albeit to a lesser extent than DBT (Fig.  7F) . Although Gish overexpression failed to induce ectopic Wg signaling activity even when CKIα was partially blocked (Fig.   7H ), loss-of-Gish mutation resulted in a reduction in Wg signaling activity and enhanced the "loss-of-Wg" phenotypes caused by the dbt null mutation (Figs. 8B, D) , suggesting that Gish/CKIγ positively regulates the Wg pathway.
Phosphorylation of Arr by multiple CKI isoforms
It has recently been shown that CKI family members phosphorylate multiple sites in the cytoplasmic domain of LRP6 (Davidson et al., 2005; Zeng et al., 2005) and a set of these CKI sites are primed by GSK3β phosphorylation of the PPPSP motif (Zeng et al., 2005) . Overexpressing CKIγ but not CKIε caused phosphorylation of LRP6, whereas dominant-negative CKIγ inhibited Wnt3a-induced LRP6 phosphorylation in HEK293T cells (Davidson et al., 2005) , suggesting a specific role for CKIγ in phosphorylating LRP6. In contrast, Zeng et al. showed that a combination of dominant-negative CKIα and CKIδ but neither CKIα or CKIδ alone blocked Wnt3a-induced LRP6 phosphorylation in CKIε −/− MEF cells, suggesting that CKIα and CKIγ/ε act redundantly in phosphorylating LRP6 in response to Wnt (Zeng et al., 2005) . However, dominantnegative CKI isoforms may not exhibit absolute specificity, which could account for the discrepancy between these two studies. While it awaits for genetic mutations in individual CKI isoforms to confirm the results obtained with the dominantnegative forms of CKI, it is likely that multiple CKI family members could participate in LRP5/6 phosphorylation.
Multiple PPPSP motifs as well as adjacent CKI sites are conserved in the cytoplasmic domain of Drosophila Arr. We found that in Drosophila S2 cells, multiple CKI family members can phosphorylate Arr cytoplasmic domain and this phosphorylation appears to rely on GSK3β primed phosphorylation (Figs. 9A-C) . Among all the CKI isoforms that can phosphorylate Arr, Gish/CKIγ exhibited the highest potency whereas CKIα and CKIε show weak activity toward Arr, suggesting that Gish/CKIγ is the major CKI isoform that phosphorylates Arr. Consistent with its high potency toward Arr phosphorylation, Gish/CKIγ is primarily associated with plasma membrane, as is the case for its vertebrate counterpart (Davidson et al., 2005) . Phosphorylation of Arr by Gish/CKIγ is likely to account for the positive role that Gish/CKIγ plays in the Wg signaling pathway. We find that gish e01759 attenuates but not completely blocks Wg-responsive gene expression. The residual Wg signaling activity in gish e01759 mutant cells could be due to the hypomorphic nature of this mutation. Alternatively, other CKI isoforms could partially substitute for Gish/ CKIγ in phosphorylating Arr.
We find that CG12147 and CG9962 phosphorylate Arr more effectively than CKIα or CKIε, although they are less potent than Gish/CKIγ. Consistent with their ability to phosphorylate Arr, overexpressing CG12147 or CG9962 resulted in ectopic Wg signaling in a genetic sensitized background (Figs. 7F and J) . However, phosphorylation of Arr alone might be insufficient to account for their positive roles as overexpressing Gish/CKIγ did not have the same magnitude of effect on Wg signaling as CG12147 and CG9962. It is possible that CG12147 and CG9962 can phosphorylate other targets in the Wg pathway.
Future loss of function study and biochemical analysis should probe the precise roles of these CKI isoforms in the Wg pathway.
